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We report herein an alternative high-speed scanning force microscopy method in the contact mode based on a
resonance-type piezoelectric bimorph scanner. The experimental setup, the modified optical beam deflection
scheme suitable for smaller cantilevers, and a high-speed control program for simultaneous data capture are
described in detail. The feature of the method is that the deflection and friction force images of the sample surface
can be obtained simultaneously in real time. Images of various samples (e.g., a test grating, a thin gold film, and
fluorine-doped tin oxide-coated glass slides) are acquired successfully. The imaging rate is 25 frames per second,
and the average scan speed reaches a value of approximately 2.5 cm/s. The method combines the advantages of
both observing the dynamic processes of the sample surface and monitoring the frictional properties on the
nanometer scale.
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Experimental methods for nanotribology studies by
means of atomic force microscopy (AFM) have been de-
veloped rapidly during the past decade [1-3]. AFM or
friction force microscopy (FFM) [4], which is known as
one of AFM's derivative technologies, has been widely
used for detecting frictional properties of sample sur-
faces with extraordinary resolution [5-8]. In FFM, a
sharp tip that is at the end of a cantilever contacts the
sample surface slightly. During scanning, lateral/friction
force would twist the cantilever from its equilibrium
position [9]. By using the optical beam deflection (OBD)
technique, the normal and the lateral forces detected by
the tip can be measured simultaneously [10,11]. With
these characteristics of FFM, various novel phenomena
are accessible to researchers, such as the observation of* Correspondence: gyshang@buaa.edu.cn
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in any medium, provided the original work is pthe atomic stick-slip friction [12], measurement of a
single-asperity contact friction [9], and research of the
velocity-dependent friction [13]. Despite these advan-
tages, the primary disadvantage of the traditional FFM
technique is the slow scan velocity in friction phenom-
ena research. Usually, several minutes are required to
get an image with frictional information. The corre-
sponding scan velocity is restricted in the range of mi-
crometers per second. It is much lower than the sliding
velocity in the practical use, e.g., applications in storage
mediums or MEMS devices [14-16].
To solve this problem, on one hand, some researchers
modified the traditional instrument by adding extra
components to acquire the rapid motion of the sample.
For example, Tocha et al. added a shear piezo element
on the existing stand-alone AFM; the scan velocity can
get up to several millimeters per second [17]. Tao and
Bhushan used a custom-calibrated piezo-actuator stage
with a scan velocity of up to 200 mm/s [14]. Zhang et al.
employed quartz crystal resonators with 3-MHz reson-
ance frequency; the scan velocity reached up to several
meters per second [18]. All these proposed methodspen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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search. However, these devices aforementioned have al-
most no ability to provide high-speed friction force
images simultaneously. On the other hand, the advent of
high-speed AFM (HSAFM) has created new opportun-
ities for the observation of dynamic processes on the
sample surface at nanoscale [19-24]. The scan velocity
has been increased by developing high-speed scanners
[19,25-30], smaller cantilevers [19,31,32], fast vertical
feedback control algorithms [33,34], as well as cantilever
excitation and modulation methods [35,36]. Comprehen-
sive descriptions of techniques used in HSAFM can be
found in several recently published reviews [23,24,37].
For friction research by HSAFM, Schitter and Stemmer
improved a piezo tube-based AFM and applied a model-
based open-loop control on it. Friction force images of
aluminum triangles were obtained with a line scan rate
at a moderate value of 122 Hz [38]. Lee et al. reported
the study of surface wear problem in real time by means
of HSAFM [39,40]. Hydrophobic tips and mineral oil
were used to make a lubricious surface to decrease the
wear. Topographic images were given, but high-speed
friction force images were not provided directly.
In this paper, we present an alternative high-speed
scanning force microscopy (HSSFM) method based on a
resonance-type piezoelectric bimorph scanner, which has
the ability to provide real-time deflection and friction
force images in the contact mode simultaneously. The
experimental setup, the modified OBD scheme for
smaller cantilevers, control, and high-speed data acquisi-
tion (DAQ) program are described in detail. Images of a
test grating, a thin gold film, and fluorine-doped tin
oxide (FTO) glass slides are demonstrated. The imaging
rate is 25 frames per second (FPS), and the average scan
speed (va) can attain a value of approximately 2.5 cm/s
in experiments. These results show that the method can
be used not only for the observation of the dynamic pro-
cesses of the sample surface but also for real-time moni-
toring differences in frictional properties of the surface
with nanometer-scale resolution. We believe that the
HSSFM method would have great potential applications
for real-time surface inspections, dynamic observation of
changes in frictional properties, and nanotribology
studies.
Methods
The schematic illustration of our homemade HSSFM ex-
perimental setup is shown in Figure 1a. During scan-
ning, the tip-sample interaction forces would cause
deflection and torsion of the cantilever. The small de-
formation of the cantilever would change the direction
of the reflected laser beam, resulting in different position
of the laser spot on the position-sensitive detector
(PSD). If the signals from four cells of the PSD aredenoted by ILU, ILD, IRU, and IRD, the total signal of the
PSD can be written as Isum = ILU + IRU + ILD + IRD. Thus,
the measured signals for imaging will be Id = ((ILU + IRU) −
(ILD + IRD))/Isum and If = ((ILU + ILD)− (IRU + IRD))/Isum, which
are proportional to the cantilever deflection and friction/
torsion, respectively. The deflection signal Id and the fric-
tion signal If are fed to two analog input (AI) channels of
the high-speed DAQ system (S-6115, National Instruments
Corp., Austin, TX, USA) for simultaneous high-speed de-
flection and friction force imaging.
In our experimental setup, fast scan (x-axis) was real-
ized by using a resonance-type piezoelectric bimorph
scanner [41,42]. Traditional piezo tube scanner provides
slow scan (y-axis) and motion in z-axis for keeping an
average height to the sample surface while imaging in
high speed [20,24,25]. Two analog output (AO) con-
verters in the DAQ system were employed for synchro-
nized scan signal generation. Fast-scan (sine waveform)
signal was connected to one AO channel directly, the
voltage range was ±10 V. Slow-scan (triangle waveform)
signal was generated from the other AO channel and
then was amplified up to ±150 V. The conventional
AFM controller provides the functions of coarse ap-
proach control for the tip and high-voltage amplifiers for
the tube scanner.
The sensing signal from the bimorph scanner was con-
nected to one AI channel, which could be used in the
real-time image distortion correction [43]. Scan control
and data acquisition processes were set to run synchron-
ously in a homemade program, which was the key issue
to realize real-time imaging. In order to improve the
program efficiency, the data collected by the DAQ sys-
tem was added to a queue and then read by the display
module for imaging. The real-time processes, such as
the image distortion correction of both deflection and
friction channels, were set up to run in parallel.
Small cantilevers (BL-AC40TS-C2, Olympus Corp.
Tokyo, Japan) were chosen in our experiments. The di-
mension of the cantilever is 38 μm× 16 μm× 0.2 μm.
The resonance frequency is 110 kHz and the force
constant is 0.1 N/m. Since the reflecting area on the
back of the cantilever is very small, the OBD detection
scheme in our experimental setup has been modified to
meet the requirements for smaller cantilevers. The sche-
matic illustration and the light path are also shown in
Figure 1a. The unique feature of this modified scheme is
the use of a large-diameter aspheric lens to reduce the
size of the focused laser spot effectively. Two identical
beam splitters were installed symmetrically on top of the
aspheric lens. The laser diode module and the PSD were
separately placed in the two sides of the beam splitters
in a symmetric position with respect to the vertical cen-
tral axis, which is beneficial to obtain a compact AFM
head unit and for easy adjustment of the light path. The
Figure 1 Experimental setup. (a) Schematic illustration of our experimental setup based on a resonance-type bimorph scanner for high-speed
topographic and friction force microscopy. (b) Photograph of the setup showing the modified optical beam deflection scheme for smaller
cantilevers. The dash line in the photograph is the working light path.
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module was reflected by one beam splitter and then fo-
cused by the aspheric lens at an off-axis position. The
light reflected by the back of the cantilever passed
through the same aspheric lens, and finally it was
reflected into the PSD by the other beam splitter. A no-
ticeable misalignment of the laser beam path was not
found while the tip scanned the sample surface because
the maximum scan range was limited by the software to
be approximately 10 μm in our present experiments.
This value was smaller than the size of the laser spot
focused on the cantilever [42]. The cantilever can be
monitored through an optical microscope above the
beam splitters, which was helpful for the laser beam
alignment.
Figure 1b is a photograph of our HSSFM setup, where
the dash line in the figure is the working light path. The
aspheric lens is mechanically fixed by using a metal tube
above the AFM cantilever. The position of the metal
tube can be manually adjusted for focusing the laser on
the back of the cantilever. The beam splitters wereinstalled in a metal frame arranged above the aspheric
lens. The optical microscope (not shown in this figure)
for the laser beam alignment was mounted over the
splitters and its base was fixed on a two-dimensional
translation stage. The position of the laser diode module
in the horizontal plane and the tilt angle can be adjusted,
and the position of the PSD can also be finely adjusted
in the vertical plane.
Results and discussion
To demonstrate the ability for high-speed topographic
and friction force imaging, we firstly used the SNG01
grating (NT-MDT, Moscow, Russia) as the test sample.
The sample, consisting of approximately 20-nm-thick
vanadium rhombs on a quartz substrate, has two differ-
ent materials on the surface. From the deflection image,
as shown in Figure 2a, rhomb-shaped areas can be found
on the surface. In the friction force image, as shown in
Figure 2b, two different materials on the surface can be
distinguished based on the contrast of the friction signal,
since the frictional properties of the quartz and the
Figure 2 HSSFM images of the test grating. (a) Deflection and (b) friction force images of SNG01 test grating taken with our HSSFM.
(c) Cross-section lines performed as shown in (a) and (b).
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cross sections in the same position of images, it can be
seen that compared with the deflection signal, the fric-
tion signal provides different contrast. In addition, some
small particles on the substrate can be found in the
friction force image, which are also due to the differentFigure 3 HSSFM images of the gold film. (a) Deflection and (b) friction
(c) Cross-section lines performed as shown in (a) and (b). The line scan rat
simultaneously at 25 FPS, and the scan size was approximately 1.5 μm× 1.5fictional properties. The line scan rate was set at
approximately 2.5 kHz. These images were acquired sim-
ultaneously at 25 FPS, and the scan size was approxi-
mately 5 μm× 5 μm. The va can be calculated by va =
2f0L, where f0 is the line scan rate and L is the scan size.
So, the average scan speed in this experiment isforce images of the gold film sample taken by our HSSFM.
e was set at approximately 2.5 kHz. These images were also acquired
μm.
Figure 4 Friction force signals. (a) Friction force signals acquired on the surface of monocrystalline silicon both retrace (backward scan) and
trace (forward scan) curves under different normal forces. (b) Friction force signals acquired on a surface of monocrystalline silicon both retrace
and trace curves under different scan speeds.
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only the topography but also the fictional properties of
materials can be detected in real time with our HSSFM
method.
Secondly, a gold film prepared by ion sputtering on
the glass substrate was chosen as another test sample. In
the central part of the deflection image, as shown in
Figure 3a, the topography of the gold film shows a flat
area, i.e., the deflection signal shows almost no changes,Figure 5 HSSFM images of the FTO conductive glass surface. (a) Defle
performed as shown in (a) and (b).which can be seen from the profile of the image in
Figure 3c. However, more details can be obtained from
the friction force images in the corresponding area and
the profile line, as shown in Figure 3b,c, respectively.
The results show that although there is only one kind of
material on the surface, the preparation process might
cause the local differences in frictional properties.
On a flat surface, the larger width of the friction
retrace-trace curves (the friction loop) means a largerction image, (b) friction force image, and (c) cross-section lines
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speed can easily reach approximately 3 cm/s [42], it
would be very useful in the research of friction phenom-
ena at speeds for practical use. So thirdly, the friction
force signals from the scan retrace-trace loop corre-
sponding to the forward scan and backward scan on the
monocrystalline silicon surface under different normal
forces and scan speeds are investigated. In experiments,
increasing the normal force was realized by adjusting the
set-point value from 0.5 to 1.5 V. So, the maximum
force applied on the tip would be three times larger than
the minimum force. When the line scan rate was set at
approximately 1.5 kHz, increasing the scan speed was
carried out by enlarging the scan size from 3 to 5 μm.
The corresponding average velocity varies from approxi-
mately 0.9 cm/s to approximately 1.5 cm/s. The typical
result curves are shown in Figure 4. In Figure 4a, the
width of the friction force curves increases while the
normal force increases in a general trend. But the fric-
tion force curves show fluctuations when the normal
force is small. From Figure 4b, the width of the friction
force curves increases with the increase in scan speed.
The results agree well with existing experimental results
on frictional property research with FFM [44,45].
Finally, FTO conductive glasses have been studied. De-
flection and friction force images are obtained simultan-
eously, as shown in Figure 5. These images were
acquired at 25 FPS, and the scan size is approximately
3 μm× 3 μm. As shown in Figure 5a, the surface of the
FTO conductive glass is smooth without obvious macro-
scopic defects in the scan area, such as cavities or bub-
bles. The size of the particles on the FTO conductive
film estimated from the images is about tens of nanome-
ters. The interesting point is that in the friction force
image, as shown in Figure 5b, specific features that are
not visible in the deflection image can be seen clearly.
One possible explanation is that although the surface is
smooth, the material of the conductive oxide film is not
uniform in the local area, which might cause the differ-
ent frictional properties. Figure 5c shows the cross sec-
tions of the deflection and friction force signals marked
by the lines in Figure 5a,b. The center part of the friction
signal also verified that different frictional properties can
be distinguished on a nanometer scale.
Conclusions
In summary, an alternative high-speed scanning force
microscopy method based on resonance-type piezoelec-
tric bimorph scanner in the contact mode has been de-
veloped. The modified optical beam deflection scheme is
suitable for detecting the deformations of small cantile-
vers and high-speed imaging. The control and data ac-
quisition program has the ability to real-time capture
deflection and friction force images simultaneously.High-speed deflection and friction force images of sam-
ple surface have been obtained successfully. A series of
images of a test grating, a thin gold film, and FTO glass
slides were taken with imaging rate at 25 FPS and the
average scan speed reached approximately 2.5 cm/s.
These results demonstrate that the method combines
the advantages of both observing the dynamic processes
on sample surface and monitoring the differences in fric-
tional properties on the nanometer scale in real time. It
is believe that the method would have many great poten-
tial applications, such as real-time surface inspections
and nanotribology studies.
Abbreviations
AFM: atomic force microscopy; AI: analog input; AO: analog output; FFM: friction
force microscopy; FPS: frames per second; FTO: fluorine-doped tin oxide;
HSAFM: high-speed atomic force microscopy; HSSFM: high-speed scanning force
microscopy; OBD: optical beam deflection; PSD: position-sensitive detector.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
The work presented here was carried out in collaboration among all authors.
GS defined the research theme. WC designed the experimental setup and
methods. HF and JZ performed the experiments and processed the data.
WC and GS drafted the manuscript. All authors read and approved the final
manuscript.
Acknowledgements
This work was supported by the China National Key Basic Research Program
973 (Grant No. 2013CB934004), the National Natural Science Foundation of
China (Grant Nos. 11232013 and 11304006), and the Fundamental Research
Funds for the Central Universities (Grant No. YWF-13-D2-XX-14).
Received: 10 November 2014 Accepted: 1 December 2014
Published: 10 December 2014
References
1. Gnecco E, Bennewitz R, Gyalog T, Meyer E: Friction experiments on the
nanometre scale. J Phys Condens Matter 2001, 13:R619.
2. Perry SS: Scanning probe microscopy measurements of friction.
MRS Bull 2004, 29:478–483.
3. Krylov SY, Frenken JW: The physics of atomic-scale friction: basic
considerations and open questions. Phys Status Solidi B 2014, 251:711–736.
4. Carpick RW, Salmeron M: Scratching the surface: fundamental
investigations of tribology with atomic force microscopy. Chem Rev 1997,
97:1163–1194.
5. Meyer E, Lüthi R, Howald L, Güntherodt HJ: Friction force microscopy. In
Forces in Scanning Probe Methods. Edited by Güntherodt HJ, Anselmetti D,
Meyer E. Dordrecht: Kluwer Academic; 1995:285–306.
6. Bhushan B: Nanotribology and nanomechanics. Wear 2005,
259:1507–1531.
7. Bennewitz R: Friction force microscopy. Mater Today 2005, 8:42–48.
8. Bhushan B: Nanotribology and Nanomechanics. Berlin: Springer; 2011.
9. Szlufarska I, Chandross M, Carpick RW: Recent advances in single-asperity
nanotribology. J Phys D Appl Phys 2008, 41:123001.
10. Marti O, Colchero J, Mlynek J: Combined scanning force and friction
microscopy of mica. Nanotechnology 1990, 1:141.
11. Meyer G, Amer NM: Simultaneous measurement of lateral and normal
forces with an optical-beam-deflection atomic force microscope.
Appl Phys Lett 1990, 57:2089–2091.
12. Jansen L, Hölscher H, Fuchs H, Schirmeisen A: Temperature dependence of
atomic-scale stick–slip friction. Phys Rev Lett 2010, 104:256101.
13. Gnecco E, Bennewitz R, Gyalog T, Loppacher C, Bammerlin M, Meyer E,
Güntherodt H-J: Velocity dependence of atomic friction. Phys Rev Lett
2000, 84:1172.
Cai et al. Nanoscale Research Letters 2014, 9:665 Page 7 of 7
http://www.nanoscalereslett.com/content/9/1/66514. Tao Z, Bhushan B: New technique for studying nanoscale friction at
sliding velocities up to 200 mm/s using atomic force microscope.
Rev Sci Instrum 2006, 77:103705.
15. Bhushan B: Nanotribology, nanomechanics, and materials
characterization. In Springer Handbook of Nanotechnology. Edited by
Bhushan B. Berlin: Springer; 2010:789–856.
16. Bosse JL: High speed atomic force microscopy techniques for the efficient study
of nanotribology, Master's theses. University of Connecticut: 2012. http://
digitalcommons.uconn.edu/gs_theses/260.
17. Tocha E, Stefański T, Schönherr H, Vancso GJ: Development of a high
velocity accessory for atomic force microscopy-based friction
measurements. Rev Sci Instrum 2005, 76:083704.
18. Zhang F, Marti O, Walheim S, Schimmel T: High speed nanotribology with
quartz crystal resonators via atomic force microscopy. arXiv preprint 2013,
arXiv:1312. 2817 [http://arxiv.org/abs/1312.2817]
19. Fantner GE, Schitter G, Kindt JH, Ivanov T, Ivanova K, Patel R, Holten-
Andersen N, Adams J, Thurner PJ, Rangelow IW: Components for high
speed atomic force microscopy. Ultramicroscopy 2006, 106:881–887.
20. Huey BD: AFM and acoustics: fast, quantitative nanomechanical
mapping. Annu Rev Mater Res 2007, 37:351–385.
21. Ando T, Uchihashi T, Fukuma T: High-speed atomic force microscopy for
nano-visualization of dynamic biomolecular processes. Prog Surf Sci 2008,
83:337–437.
22. Schitter G, Rost MJ: Scanning probe microscopy at video-rate. Mater Today
2008, 11:40–48.
23. Ando T: High-speed atomic force microscopy coming of age.
Nanotechnology 2012, 23:062001.
24. Brown BP, Picco L, Miles MJ, Faul CF: Opportunities in high-speed atomic
force microscopy. Small 2013, 9:3201–3211.
25. Humphris A, Miles M, Hobbs J: A mechanical microscope: high-speed
atomic force microscopy. Appl Phys Lett 2005, 86:034106.
26. Fukuma T, Okazaki Y, Kodera N, Uchihashi T, Ando T: High resonance
frequency force microscope scanner using inertia balance support.
Appl Phys Lett 2008, 92:243119–243113.
27. Schitter G, Thurner PJ, Hansma PK: Design and input-shaping control of a
novel scanner for high-speed atomic force microscopy. Mechatronics
2008, 18:282–288.
28. Picco L, Dunton P, Ulcinas A, Engledew D, Hoshi O, Ushiki T, Miles M:
High-speed AFM of human chromosomes in liquid. Nanotechnology 2008,
19:384018.
29. Disseldorp E, Tabak F, Katan A, Hesselberth M, Oosterkamp T, Frenken J,
van Spengen W: MEMS-based high speed scanning probe microscopy.
Rev Sci Instrum 2010, 81:043702.
30. Watanabe H, Uchihashi T, Kobashi T, Shibata M, Nishiyama J, Yasuda R,
Ando T: Wide-area scanner for high-speed atomic force microscopy.
Rev Sci Instrum 2013, 84:053702.
31. Paloczi GT, Smith BL, Hansma PK, Walters DA, Wendman MA: Rapid
imaging of calcite crystal growth using atomic force microscopy with
small cantilevers. Appl Phys Lett 1998, 73:1658–1660.
32. Ando T, Kodera N, Takai E, Maruyama D, Saito K, Toda A: A high-speed
atomic force microscope for studying biological macromolecules.
Proc Natl Acad Sci 2001, 98:12468–12472.
33. Rost M, Crama L, Schakel P, van Tol E, van Velzen-Williams G, Overgauw C,
Ter Horst H, Dekker H, Okhuijsen B, Seynen M: Scanning probe
microscopes go video rate and beyond. Rev Sci Instrum 2005, 76:053710.
34. Clayton GM, Tien S, Leang KK, Zou Q, Devasia S: A review of feedforward
control approaches in nanopositioning for high-speed SPM. J Dyn Syst
Meas Control 2009, 131:061101.
35. Li YJ, Takahashi K, Kobayashi N, Naitoh Y, Kageshima M, Sugawara Y:
Multifrequency high-speed phase-modulation atomic force microscopy
in liquids. Ultramicroscopy 2010, 110:582–585.
36. Li YJ, Kobayashi N, Nomura H, Naitoh Y, Kageshima M, Sugawara Y:
High-speed phase-modulation atomic force microscopy in
constant-amplitude mode capable of simultaneous measurement of
topography and energy dissipation. Jpn J Appl Phys 2008, 47:6121.
37. Ando T, Uchihashi T, Kodera N: High-speed AFM and applications to
biomolecular systems. Annu Rev Biophys 2013, 42:393–414.
38. Schitter G, Stemmer A: Model-based signal conditioning for high-speed
atomic force and friction force microscopy. Microelectron Eng 2003,
67:938–944.39. Seo Y, Choi C, Han S, Han S-J: Real-time atomic force microscopy using
mechanical resonator type scanner. Rev Sci Instrum 2008, 79:103703.
40. Lee H, Lee D, Kim K, Seo Y, Kim H, Lee H: Real-time atomic force
microscopy in lubrication condition. Ultramicroscopy 2010, 110:826–830.
41. Zhou Y, Shang G, Cai W, Yao J: Cantilevered bimorph-based scanner for
high speed atomic force microscopy with large scanning range.
Rev Sci Instrum 2010, 81:053708.
42. Zhao J, Gong W, Cai W, Shang G: Piezoelectric bimorph-based scanner in
the tip-scan mode for high speed atomic force microscope. Rev Sci
Instrum 2013, 84:083706.
43. Cai W, Zhao J, Gong W, Fan H, Shang G: Resonance-type bimorph-based
high-speed atomic force microscopy: real-time imaging and distortion
correction. Meas Sci Technol 2014, 25:125404.
44. Ogletree D, Carpick RW, Salmeron M: Calibration of frictional forces in
atomic force microscopy. Rev Sci Instrum 1996, 67:3298–3306.
45. Zhang Y, Pu H, Wang Y, Chen Y: Velocity-dependent nano-scale friction
under atomic force microscope. J Southeast Univ (Nat Sci Ed) 2012,
2:286–289.
doi:10.1186/1556-276X-9-665
Cite this article as: Cai et al.: Real-time deflection and friction force
imaging by bimorph-based resonance-type high-speed scanning force
microscopy in the contact mode. Nanoscale Research Letters 2014 9:665.Submit your manuscript to a 
journal and beneﬁ t from:
7 Convenient online submission
7 Rigorous peer review
7 Immediate publication on acceptance
7 Open access: articles freely available online
7 High visibility within the ﬁ eld
7 Retaining the copyright to your article
    Submit your next manuscript at 7 springeropen.com
